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INTRODUCTION
Myelination of the central nervous system by oligodendrocytes is a complex process involving a highly-coordinated network of protein-protein, protein-membrane, and cell-cell interactions (e.g., [ 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 ] ). The classic isoforms of myelin basic protein (MBP) are essential to the formation of the myelin sheath, and the predominant 18.5-kDa isoform in the adult human brain is generally considered to be a marker of compact myelin, maintaining the cytoplasmic leaflets of the oligodendrocyte membrane closely to each other to form the major dense line observed in electron micrographs of thinly-sectioned internodal myelin [ 12, 13, 14, 15, 16 ].
This isoform of MBP (henceforth the one considered here) is highly positively-charged, and interacts with myelin membranes predominantly by three amphipathic α-helical segments that represent molecular recognition fragments (α-MoRFs), and that we have previously denoted the α1-, α2-, and α3-helices [ 17, 18, 14 ] . Although the topology of MBP sandwiched between membranes is still unknown, we consider that a single protein molecule can interact with the opposing leaflets [ 19, 20, 21, 22, 23 ]. Then the two-dimensional protein network forms a molecular sieve [ 24, 25, 26, 27 ]. The nature of the interactions of 18.5-kDa MBP with myelin membranes is as for other peripheral membrane proteins, including electrostatic, hydrophobic, and (perhaps to a small extent) a role for N-terminal acyl modifications [ 28, 29 ]. It should also be noted that the 18.5-kDa MBP isoform sequesters phosphoinositides strongly [ 30, 31, 32, 33, 34 ], and should be acknowledged as a prominent member of this category of membrane proteins [ 35, 36 ] .
studies suggest that MBP participates in Fyn-mediated signaling pathways by a direct but noncanonical association with the Fyn-SH3-domain (SH3 -Src homology 3) [ 37, 38, 39 ]. These protein-MBP associations take place dynamically in the membrane ruffles during membrane process extension, as suggested by fluorescence co-localization in model oligodendroglial cells, and by co-immunoprecipitation from primary oligodendrocyte cell cultures (Figure 1) [ 40, 41 ]. Using complementary approaches such as isothermal titration calorimetry (ITC), solution spectroscopy (CD -circular dichroism, NMR -nuclear magnetic resonance), and fluorescence imaging of transfected model oligodendrocyte cell cultures, we have shown that the interactions of MBP with Fyn-SH3 also involve other segments beyond the primary ligand [ 37, 39 ] . This is an important new example of non-canonical SH3-domain associations, and of a new "fuzzy" complex formed by intrinsically-disordered proteins [ 42, 43 ].
In all mammalian species, the central amphipathic 2-helix of MBP partly overlaps a subsequent proline-rich TPRTPPPS (murine T92-S99) segment that comprises a minimal SH3-ligand (XP-x-XP) and that we have termed a "molecular switch" [ 44, 45, 46, 15 ]. In our previous molecular dynamics (MD) simulations of models of the central segments of MBP comprising the α2-helix and SH3-ligand, the former has been membrane-associated and the latter has been left exposed to solvent [ 47, 45, 38, 46 ]. Since canonical binding targets of SH3-domains form left-handed poly-proline type II (PPII) conformations, we chose to model this region of the protein in this way in these first MD simulations. Solution NMR spectroscopy suggested that the PPII conformation appeared to depend on there being a membrane environment, potentially enhanced by the presence of the fully-formed adjacent α2-helix which was membrane-associated. 48, 49, 50 ].
The interplay between α-helix stability and length, its association with the lipid bilayer (depth and angle of penetration), nature and position of phosphate modifications, and membrane composition, and the precise conformation of the proline-rich segment (PPII or not) all remain to be elucidated at the molecular level. It is important to do so, because Fyn kinase regulates a number of signal transduction pathways in the CNS and plays an important role in neuronal and oligodendrocyte differentiation, plasticity, and survival (e.g., [ 51, 52 ] ). It has been suggested that missteps in these signaling networks during myelin development may result in structurally weakened segments of myelin from which damage can readily propagate [ 53, 54, 47, 55, 56, 57, 22, 58, 59 ].
Here, in order to gain further molecular insight into the interaction of membrane- 
METHODS
Modelling the xα2-peptide of 18.5-kDa MBP and Fyn-SH3
In this study, we simulate the extended xα2-peptide (S38-S107, 70 amino acids):
which was first described in reference [ 39 ] . The residues are numbered with respect to murine 18.5-kDa MBP which is 168 residues in length (A1-R168, Figure 2A ) [ 14, 15, 44, 16 ]. This extended peptide comprises the second amphipathic α-helical MBP segment (V83-I90) shown to be involved in membrane-association, as described in detail later.
The 3D structures of both full-length MBP and even of the shorter xα2-peptide have yet to be elucidated, and hence, a model of the xα2-peptide was generated using the I-TASSER online server for "Iterative Threading ASSEmbly Refinement":
(http://zhanglab.ccmb.med.umich.edu/I-TASSER). The I-TASSER package builds molecular models using a protein threading approach in which a submitted amino acid sequence is aligned with template structures of similar folds from the protein data bank whereas unaligned regions are built by ab initio modeling [ 62, 63 ] . The top template used by I-TASSER was the solution NMR structure of the shorter α2-peptide (S72-S107, 36 amino acids) in association with dodecylphosphocholine (DPC) micelles [ 18, 38 ] (PDB ID code 2LUG). The docked system required local energy minimization in order to resolve clashes and high energy tensions. System assembly steps were done partly using the PyMOL visualization package (Schrödinger were utilized. In post-run MD analyses, particular attention was given to the MBP proline-rich region (P93-P98)
representing the experimentally-determined interaction site with Fyn-SH3.
Binding free energy measurements
The MM-PBSA method (Molecular mechanics Poisson-Boltzmann surface area, implemented as a "g_mmpbsa" GROMACS tool) was used to measure the free binding energy of the xα2-peptide/Fyn-SH3 complex in solution, using the trajectory snapshots of complexes as input [ 74 ] . In its current implementation, the g_mmpbsa tool does not calculate the entropic contribution to binding. The free binding energy (ΔGbind) comprises van der Waals, electrostatic, polar solvation, and solvent-accessible surface area (SASA) contributions.
Scenario-1: Water-only MD simulation
In the first scenario (water-only simulation), the docked complex was positioned in the center of a 10x10x10 nm 3 simulated box, and solvated with spc216 water molecules via the "genbox" tool. To neutralize the system, one CL-ion was added. The resulting system was energy-minimized using the default parameters summarized in the "minim.mdp" file (found in the online Supporting Information). The key energy-minimization parameters included the steepest descent minimization algorithm, and maximum force (Fmax) tolerance for all atoms of the system set at 1000.0 kJ/mol/nm (the "emtol" parameter).
Next the whole system was equilibrated through the NVT and NPT steps. The NVT step allowed the whole system to equilibrate for 100 ps at a constant volume and a temperature of 37°C, whereas the NPT step lasted for 1000 ps, also at 37°C, and a constant pressure of 1 bar.
During the NVT and NPT steps, the movement of the complex was restrained by virtue of the "-DPOSRES" parameter of the mdp configuration file (see the online Supporting Information).
The equilibration steps were followed by a 50-ns MD production run which used the leap-frog integrator at 0.002-ps integrator time-steps. The thermal coupling groups were "Protein" and "Water and Ions", the particle cut-off scheme was Verlet, and the temperature was set at 37°C. (For more detailed MD parameters, please refer to the mdrun_50ns.mdp file provided online in the Supporting Information.)
Scenario-2: DMPC membrane MD simulation
In the second scenario (DMPC membrane environment), the dimensions of the box were 9x9x12 nm 3 . The docked complex was placed on top of one of the leaflets of the DMPC membrane such that the xα2-peptide α2-helix was partially embedded in the bilayer, and the proline-rich segment was accessible for Fyn-SH3 binding as illustrated in Figure 4 , and as previously modelled in MD simulations of smaller MBP-derived peptides [ 46, 45 ]. The positioning of the docked Fyn-xα2-peptide system was done using the PyMol (version 1.7.5) program, particularly with the "rotate" and "translate" commands. The xα2-peptide was positioned at approximately 45° with respect to the DMPC phospholipid bilayer. To preserve the docked system positions, the same displacements/transpositions were echoed in Fyn-SH3 to preserve relative positioning of the xα2-peptide/ Fyn-SH3 selected model.
The main steps, including energy minimization and equilibration, were similar to the water-only system. The boxes of docked xα2-peptide/Fyn-SH3 were also resized to 9x9x12 nm 3 to accommodate the DMPC membrane box. Next, the DMPC-only 9x9x12 nm 3 box was solvated with spc216 water molecules (via "genbox"). The topology files were generated separately for each of the components of the docked xα2-peptide/Fyn-SH3 complex (via "gmx editconf"). The solvated DMPC box in water was next merged with the positioned xα2-peptide/Fyn-SH3 complex (again via the "genbox" tool). Water molecules occurring within the lipid bilayers were removed via the custom-made "waterRemover" tool available in the online Supporting
Information. Similar to the water-only simulation, the assembled system passed through energy minimization, and NPT and NVT steps, using the same configuration settings defined by the *.mdp configuration files (see the online Supporting Information). The production MD runs were also for 50 ns, as for Scenario-1.
Availability
Trajectories, structures, MD parameters, and assembly scripts are deposited at the Sage
The mRNA for membrane-associated 18. ], and this phenomenon may be modulated by the direct interaction of 18.5-kDa MBP with the SH3-domain of Fyn (see Figure 1 ).
Rationale for model systems built in this study -the biophysical background
Our emergent in silico docking study of the 70 amino-acid long MBP-peptide with the Fyn-SH3 structure included the 13-residue T92-R104 segment comprising the minimal SH3-
]. In this, our first comprehensive study of this interaction, . These latter experiments involved solution NMR spectroscopy, co-transfection of an immortalised oligodendroglial cell line, and polyacrylamide gel electrophoresis of glutaraldehyde cross-linked complexes.
All things considered, to be biologically relevant, our simulation model required membrane-associated MBP comprising the minimal SH3-ligand, the overlapping α2-helix that lay on the surface and partially penetrated the lipid bilayer for presenting the SH3-ligand to the cytoplasm (Figures 1, 4) , and the region upstream of these α-molecular recognition fragments (αMoRFs) represented by the three α-helical segments (α1, α2 and α3) defined in the next section .
This simple prediction has matched experimental analyses by electron paramagnetic resonance (EPR) and NMR spectroscopy (e.g., [ 17, 83, 19, 20, 84 ] ). For experimental purposes, we first constructed 3 recombinant forms encompassing these α-helices: the α1-peptide (A22-K56, 35 amino acids), the α2-peptide (S72-S107, 36 amino acids), and the α3-peptide (S133-S159, 27 .
Due to the limitations of computational resources available to us, as well as the lack of global conformational topology of the protein, previous MD studies of MBP-derived peptide models on membrane models have necessarily comprised smaller protein segments. These computational models have been referred to as the mdα1-peptide (murine 18.5-kDa residues R29-G48), and the mdα2-peptide (murine 18.5-kDa residues E80-G103), to distinguish them from recombinant forms used experimentally [ 45, 86, 38 ]. Molecular dynamics simulations of the α2-peptide have been performed on DMPC bilayers to complement experimental studies and to assess the effects of site-specific threonyl phosphorylation at residues T92 and/or T95 [ 46 ] . Here, we present our largest MBP-peptide model yet simulated, that of the extended xα2-peptide (S38-S107, 70 amino acids). The starting conformation was modeled using I-TASSER, which utilized the solution NMR structure of the shorter α2-peptide (S72-S107, 36 amino acids) on a DPC micelle [ 38 ] (PDB ID code 2LUG) as the main structural template.
Detailed analysis of Scenario-1 (water-only MD)
In this environment, the xα2-peptide/Fyn-SH3 complex was highly mobile and loose, with an overall strong interaction being evident. The average RMSD value calculated for all time snapshots with respect to the time-zero structure for the region encompassing the α2-helix and PP-II (E80-Q100) was rather high (2.108 Angstrom). No dissociation event was observed along the 50-ns trajectory. The interacting residues of the xα2-peptide/Fyn-SH3 complex are shown in ], a trend that persisted over the entire simulation course. The non-covalent α2-peptide/Fyn-SH3 interactions were mostly dominated by H-bonds and van der Waals contacts, followed by salt-bridges. The largest number of salt-bridges (a total of 6) was observed at 50 ns.
The R94/N100, P93/Y93 and R94/N99 pairs were amongst the most frequent examples of the stated non-covalent interactions. (see Table 1 and online supplement).
The MBP α2-helix unraveled rapidly at the 10-15-ns time-point, perhaps because of the influence of the large disordered segment (S35-P82) next to the N-side of the α2-helix (see At 10 ns, the Fyn-SH3 domain engulfs the xα2-peptide, adopting a dome-like configuration that is maintained throughout the whole 50-ns trajectory. This event is also supported by a larger number of interacting Fyn-SH3 residues and a significant increase in favorable binding energy from -1673 to -3108 kJ/mol ( Table 1) . The overall xα2-peptide/Fyn-SH3 complex fluctuations include adoption of the "loosest" state (in terms of overall spherical diameter) at 15 ns with the segment spanning residues (S38-P82) sticking out. The "loose" state at 15 ns is slowly transitioned to the most compact state observed at the 50-ns end-point.
Specifically, there is a compact xα2-peptide/Fyn-SH3 complex structure at the 50-ns end-point with both polypeptide chains being on top of each other and five Fyn-SH3 β-sheets facing the xα2-peptide denatured α-helical region ( Figure 5 ). The denaturation of the α-helical region (V83-T92) is complete at 15 ns.
The behavior of the N-and C-termini of both polypeptide chains is similar, with a propensity for intra-molecular (i.e., within the chain) pairing. Compared to a shorter α2-peptide (S72-S107), the xα2-peptide has a longer N-terminus positioned next to the α2-helix (V83-T92) providing an extra level of stability to the region via non-covalent interactions. The extended Nterminal of the xα2-peptide remains mainly in the extended conformation throughout the entire simulation. At 20 ns, both C-termini are at their closest proximity and move further apart only slightly during the subsequent 30 ns of simulation. The proline-rich region (P93-P98), defined in Figure 2A , formed a loop, shown in yellow in Figure 5 , and was highly dynamic. The prolinerich region interacted with the loop residues found between the β1-and β2-sheets (L90-G106) throughout the entire trajectory ( Table 1) . Starting from 10 ns, this region also interacted with the β3-and β4--sheet of the Fyn-SH3(W119-L125 and T130-P134, respectively). These β-sheets were in anti-parallel configuration ( Figure 5 at 10-50 ns). The β-sheet rich structure of Fyn-SH3 peptide was maintained throughout the simulation (i.e., the total number of five β-sheets remained constant) with slight fluctuations in their lengths and positions.
Detailed analysis of Scenario-2 (DMPC membrane MD)
The MD simulation in the context of the DMPC membrane was quite different from that in the water-only Scenario-1. First of all, the membrane-associated α2-helix of the xα2-peptide was able to preserve its integrity throughout the 50-ns MD run (Figure 6 ). The strong torsion of the α-helix was observed at the 2 nd α-helical turn spanning the F86-K88 residue range ( Figure   2 ). Whereas the amphipathic α2-helical segment comprises residues V83-T92, and SDSL/EPR of this immunodominant epitope showed an α-helical projection pattern [ 83, 90 ], a solid-state NMR study provided more detailed molecular information on the secondary structure, and indicated that the core α-helical architecture was formed by residues V83-K88, i.e., the C-terminus unraveled slightly [ 20 ] . Similarly, the various MD simulations of mdα2-and α2-peptides on the DMPC bilayer showed more transient membrane-association of the C-terminal end of the α2-helix, especially after threonyl phosphorylation [ 45, 46 ]. One explanation is that the strong interaction of the xα2-peptide with Fyn-SH3 has the effect of pulling this α2-helix off the membrane. It has been experimentally shown that the interaction of membrane-bound 18. Overall, the xα2-peptide/Fyn-SH3 complex motions were more restricted compared to Scenario-1 (water-only simulation). Here in Scenario-2 (DMPC membrane), the five β-sheets of Fyn-SH3 remained stable (i.e., no differences in length or position), with the Fyn-SH3 domain adopting a less-round hair-clip structure, still with the proline-rich region (P93-P98) as the center of the interaction ( Table 2 ). The three key residues P96, P97, and P98 of the xα2-peptide SH3-ligand constantly interacted with Fyn-SH3 as supported by our interacting analysis results ( Table   2 , Figure 6 ). Specifically, the Fyn-SH3 β3-and β4-sheets ( Figure 2B ) and the loop between the β1-and β2-sheets (L90-G106) directly interacted with the P93-P98 region of the xα2-peptide (Figure 2A) , of which the latter had already been ascertained experimentally [ 38, 37, 39 ]. No dissociation event was observed throughout the whole duration of the MD run.
The association energy measured via the MM-PBSA model remained negative, indicating an energy-favorable propensity towards xα2-peptide/Fyn-SH3 complex formation additionally supported by a negative slope of -1.382 of a linear fitting of ΔGbind versus time ( Table 2 ). The association trend under the DMPC membrane Scenario-2 was less pronounced compared to the water-only Scenario-1, based on the slope comparisons (i.e., a 29-fold decrease). Similar to Scenario-1, the predominant binding force of the complex over the entire course of simulation was electrostatic. The non-bonding interactions profile of the xα2-peptide/Fyn-SH3 complex was rather dynamic throughout the simulations but was again mostly dominated by H-bonding, followed by van der Waals interactions, followed by salt-bridges. In contrast to Scenario-1, the salt-bridges were more persistent throughout the simulation, reaching a maximum of 18 at 20 ns.
The T95/S135, T95/N136 and R94/Y137 pairs exemplify each interaction type, respectively.
(The online Supporting Information provides a complete set of interaction profiles for reference.)
Similar to Scenario-1, the N-and C-termini of the xα2-peptide and Fyn-SH3 showed a positive trend towards the intra-molecular (within), but not inter-molecular (between)
associations. In terms of the membrane penetration, the xα2-peptide position did not change significantly with exception of the α2-helix. The region right after the 2 nd α-helical turn (K88-T92) changed its position from ~45° included to a completely vertical position (Figure 7, 15-50 ns). This re-arrangement of the α2-helix most likely has to do with the Fyn-SH3 interaction and mobility of the proline-rich region.
The protein complex-membrane interface and hydrophobicity analyses showed that the majority of the non-covalent interactions were contributed by the xα2-peptide via van der Waals contacts and H-bonds with the lipid head groups. Examples of the xα2-peptide residues participating in H-bonding included S38, I39, H59, R61, F86, N89, and R94, amongst others.
The non-bonding interactions were uniformly distributed over the interaction surface of the xα2-peptide. Hydrophobic analysis identified the xα2-peptide as less hydrophobic compared to Fyn-SH3, with total charges of +12 and -6, and pI values of 11.89 and 3.98, respectively. The most hydrophobic regions of the xα2-peptide are located in the α-helical segment (V83-V91, Figure   2A ), and those of the Fyn-SH3 segment in its N-and C-termini (V84-L90 and V138-V141, Figure 2B ). Despite the rather weak mean hydrophobicity of the N-terminus of the xα2-peptide, ranging from 1.1 to 0.18, (calculated using the 5-residue sliding window), the xα2-peptide Nterminus rested embedded in the hydrophobic lipid environment over the course of the entire MD run, potentially aided by the large number of the H-bonds and vdW contacts with the lipid head groups and hydrophobic tails.
The xα2-peptide has a longer N-terminus (S38-K71) compared to α2-peptide (S72-S107). Similar to Scenario 1, analysis of the trajectory snapshots indicate that the N-terminus segment is also in a close proximity to the xα2-peptide helical region (V83-T92). Presence of large number of non-covalent interactions between residues of the S38-K71 and V83-T92 segment suggests possible stabilization effects.
Comparison of aqueous and membrane-associated MD scenarios
The trajectories under both considered scenarios differed significantly, showing the importance of the simulation context and accountability of all possible factors in an MD study. In the case of Scenario-1, the xα2-peptide/Fyn-SH3 complex was less compact with partial loss of the α-helix as compared to Scenario-2. Remarkably, in both scenarios the interaction with the proline-rich region was consistent independent of the environment context. It should be noted that the stated binding free energies in Tables 1 and 2 should be interpreted as relative for purpose of comparing of binding strengths between scenarios and between trajectory snapshots.
The MM-PBSA model has many caveats and requires a careful tuning and parameter selection in order to provide accurate absolute ΔGbind predictions, as discussed in [ 92 ] . Consistent with our previous experimental evidence, MBP, represented by the xα2-peptide, is the ligand for Fyn-SH3
[ 60, 61, 38, 37, 39 ] supported by the stable complex formation throughout the 50-ns simulations.
Compared to the water-only Scenario-1, the number of interacting residues in Scenario-2 decreased, along with the 2.3-fold decrease in absolute value of the ΔGbind value (compare -3453
and -1545 kJ/mol at 50 ns, Table 2 ). This result indicates the involvement of the membrane context in xα2-peptide/Fyn-SH3 interaction, possibly through modulation of SH3-domain accessibility and local electrostatic environment.
Importantly, these in silico results obtained here have confirmed previous experimental evidence that the interaction between MBP and Fyn-SH3 does not exclusively occur at the canonical SH3-ligand site (murine residues T92-S99, Figure 2A ), but also critically involve 
CONCLUDING REMARKS
We have presented a hybrid docking-MD analysis of the interacting residues of the S38-S107 are G66-L68, K71-S72, Q78, K88-P98, and Q100 (see Figure 2A and Table 1 ).
(The colored version of this figure can be seen in the online version of this article.) shown here in green; the color scheme for the proteins is the same as in Figure 6 , and water is not shown for simplicity.
(The colored version of this figure can be seen in the online version of this article.) *Any residue pair from xα2-peptide and Fyn-SH3 that has any atom within 4.0 Å is considered interacting. Residues numbers follow the numbering scheme defined in Figure 2 . -1545 *Any residue pair from xα2-peptide and Fyn-SH3 that has any atom within 4.0 Å is considered interacting. Residues numbers follow the numbering scheme defined in Figure 2 .
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